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The structural and magnetic properties of functional Ni-Mn-Z (Z = Ga, In, Sn) Heusler alloys
are studied by first-principles and Monte Carlo methods. The ab initio calculations give a basic
understanding of the underlying physics which is associated with the strong competition of ferro-
and antiferromagnetic interactions with increasing chemical disorder. The resulting d-electron or-
bital dependent magnetic ordering is the driving mechanism of magnetostructural instability which
is accompanied by a drop of magnetization governing the size of the magnetocaloric effect. The
thermodynamic properties are calculated by using the ab initio magnetic exchange coupling con-
stants in finite-temperature Monte Carlo simulations, which are used to accurately reproduce the
experimental entropy and adiabatic temperature changes across the magnetostructural transition.
PACS numbers: 75.50.-y, 75.10.-b, 75.30.Sg
Following the concepts of Hume-Rothery the influence
of composition on martensitic and magnetic transforma-
tion temperatures is commonly condensed as a depen-
dency of electrons per atom (e/a-ratio) [1]. Experiment
and first-principles calculations, however, reveal that the
Z element in Ni-Mn-Z Heusler alloys (Z = Ga, In, Sn)
also affects the transformation temperatures substan-
tially [2]. Moreover, recent experiments on samples with
identical composition but different heat treatment indi-
cate that chemical disorder also plays an important role
[3–5]. Here, we use first-principles calculations to iden-
tify the influence of chemical disorder on the magnetic
exchange parameters and derive guidelines for a further
systematic improvement of magnetocaloric materials [6].
Besides the magnetocaloric effect (MCE) in Gd and
other alloys at room temperature [7, 8], the metamag-
netic Ni-Mn based Heusler materials [9, 10], have at-
tracted much interest recently [11, 12]. In these alloys the
metamagnetic features are responsible for magnetic glass
behavior and frustration due to chemical disorder [13–15]
as well as unusual magnetization behavior under an ex-
ternal magnetic field such as a large jump of the magne-
tization ∆M(Tm) at the martensitic/magnetostructural
transformation temperature Tm [16]. This gives rise to
the large inverse MCE of the materials [9, 10, 17, 18]. The
MCE can be influenced when Ni is substituted in part
by Co: It is strongly enhanced in the case of In-based in-
termetallics [19, 20] (with adiabatic temperature change
∆Tad = −6 K in 2 T field [20]) while in the case of Ga
the MCE is turned from direct to inverse by decoupling
Tm and Curie temperature TC [21] (with ∆Tad = −1.6
K in 1.9 T field [22, 23]).
Chemical disorder in the Mn-rich Heusler alloys is re-
sponsible for competing magnetic interactions (ferromag-
netic versus antiferromagnetic) because the extra Mn
atoms occupy lattice sites of the Z-sublattice which in-
teract antiferromagnetically with the Mn atoms on the
Y-sublattice due to RKKY-type interactions. This com-
petition of magnetic interactions leads to the characteris-
tic drop of magnetization curves at Tm, which is observed
in Ni-(Co)-Mn-Z materials [14–16, 19–23]. (The magne-
tostructural transformation was originally discussed for
Ni-excess Ni-Mn-Ga alloys which was interpreted as mag-
netic dilution effect [24].)
Previously, Monte Carlo (MC) methods [17, 18] and
first-principles tools [25–27] have been used to explore the
phase diagram and magnetostructural transformation of
the magnetocaloric materials as a function of tempera-
ture and e/a [2, 28].
In this letter we show that basically the magnetic ex-
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FIG. 1: (a-f) Element and orbital resolved magnetic ex-
change parameters of austenite and martensite Ni50Mn30Ga20
from ab initio calculations (not all contributions are shown).
It is obvious that the effect of ferromagnetic interactions is
largely compensated by the influence of the antiferromag-
netic interactions. (Austenite: a = 5.85 A˚, martensite:
a = b = 5.47 A˚, c = 6.68, A˚, c/a = 1.22.)
change interactions obtained from first-principles calcu-
lations allows to calculate the MCE as a function of tem-
perature across the magnetostructural transition.
Before addressing the MCE, we would like to high-
light the complex magnetic behavior of the disordered
Ni-(Co)-Mn-Z alloys with excess Mn. We evaluate the
effective exchange coupling constants Jij using the KKR
CPA method [26, 27] where, following the prescription of
[29], the Jij are obtained from
Jij =
1
4pi
∫ ǫF
−∞
dE ImTr
[
∆iτ
ij
↑ ∆jτ
ji
↓
]
, (1)
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FIG. 2: Element resolved density of states of (a) austenite
(L21, a = 5.96 A˚) and (b) martensite (L10, a = b = 5.6 A˚,
c = 6.76 A˚, c/a = 1.21) of Ni45Co5Mn37In13 showing the sta-
bilization of martensite due to the formation of a pseudogap
at EF (“ferri” means that the spin of Mn on the In sites is
reversed).
where ∆i is the difference in the inverse single-site scat-
tering t-matrices for spin-up and spin-down states, ∆i =
t−1i↑ − t
−1
i↓ , and τ is the scattering path operator. Since
we use the spherical potential and scalar relativistic ap-
proximation, the t-matrices are diagonal. Thus, we can
decompose the Jij and extract the contribution between
L states (L = (l,m) indicates the set of angular momen-
tum and magnetic quantum number) at the i-th site and
L′ states at the j-site as
JL−L
′
ij =
1
4pi
∫ ǫF
−∞
dE Im∆iLτ
ij
↑LL′∆jL′τ
ji
↓L′L . (2)
This allows to calculate element as well as orbital re-
solved magnetic coupling constants as shown, e.g., in Fig.
1 for disordered, non-stoichiometric Ni50Mn30Ga20. (The
effect of disorder on martensitic transformation has also
been discussed by [30].)
From the behavior of the magnetic coupling constants
in Fig. 1 for austenite and martensite Ni50Mn30Ga20
as a function of the distance between the atoms we
notice the nearly perfect compensation of ferromag-
netic interactions associated with the more itinerant d-
electron t2g states and antiferromagnetic interactions
of magnetic moments associated with the more local-
ized eg states. This destabilizes ferromagnetic austen-
ite which undergoes a magnetostructural transformation
to paramagnetic martensite (after addition of Co [21]).
The magnetic exchange coupling constants of tetrago-
nally distorted martensite (c/a = 1.22) cannot stabi-
lize ferromagnetic order any more. In the MC simu-
lations we use the magnetic exchange parameters from
the zero-temperature ab initio calculations for austen-
ite and martensite which we let merge at Tm. Ther-
mal spin fluctuations will further help to stabilize the
“paramagnetic” gap at T < Tm below the magnetic
jump ∆M(Tm) [22, 23]. This shows that the marten-
sitic/magnetostructural instability is to a large extent
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FIG. 3: (a) Monte Carlo magnetization curves (solid lines) of Ni50Mn25Ga25 from the Potts model using ab initio magnetic
exchange and magnetocrystalline anisotropy parameters, in comparison with experiment [34]. The jump of the magnetization
curves vanishes for sufficiently large fields. (b) Theoretical and experimental magnetization curves of Ni45Co5Mn37In13 in a
small and large external magnetic field of 10 mT and 2 T [20]. Here, the jump ∆M does not vanish for increasing magnetic
fields. The inset shows the hysteresis from the first-order cubic-tetragonal transformation.
driven by the atomic disorder leading to strong com-
petition of ferro- and antiferromagnetic interactions of
approximately equal strength. This is responsible for
the breakdown of ferromagnetic order in austenite and
the appearance of the “paramagnetic gap” below Tm in
martensite.
We emphasize that the same scenario works in case
of Ni-(Co)-Mn-(In, Sn). With addition of Co (Co is
likely to replace Ni because of similar coordination chem-
istry), the ferromagnetic tendencies increase but also the
“disordered nature” of the magnetic interactions, which
governs the magnetostructural instability. Although, Co
leads to a decrease of Tm, it clearly has a favorable effect
regarding the magnetocaloric properties. This is because
Co hybridizes strongly with Ni states (see Fig. 2) and
causes more spin disorder in the Heusler materials which
leads to larger magnetic entropy and adiabatic temper-
ature changes. (Note that competing interactions have
also been discussed for Ni-Mn-Ga in [31, 32].)
The jump ∆M(Tm) which is accompanied by break-
down of long-range ferromagnetism, large magnetic fluc-
tuations and a large entropy change across the magne-
tostructural transition, is at the heart of the giant inverse
MCE.
Regarding thermodynamic properties we use the
Blume-Emery-Griffiths (BEG) model [33] for austenite-
martensite transformation in combination with the Potts
model for the magnetic part and a magnetoelastic inter-
action term [17, 18]: H = Hm +Hel +Hint where
Hm = −
∑
〈ij〉
Ji,j δSi,Sj − gµBHext
∑
i
δSi,SgMi
+Kani
∑
i
δSi,SkM
2
i , (3)
Hel = −
∑
〈ij〉
σiσj
(
J + U1gµBHext
∑
i
δσiσg
)
−K
∑
〈ij〉
(
1− σ2i
) (
1− σ2j
)
. (4)
The Ji,j are the magnetic exchange parameters for each
structure. Since mapping of ab initio energies is only
onto Jij with unit length of spins, field terms must in-
clude explicitelyMi, M
2
i , whereMi is the ab initio value
of magnetization of atom at site i taken to be dimension-
less. J and K are the elastic and U1 (Ui,j) the mag-
netoelastic interaction parameters (Hint couples MiMj
and σ2i , σ
2
j with strength Uij [17, 33]). The Kronecker
symbol restricts the spin-spin interactions to those be-
tween the same Potts-q states. The spin moment of Mn
is S = 5
2
and we identify the 2S + 1 spin projections
with qMn = 1 . . . 6. Likewise, we assume S = 1 for Ni
and S = 3
2
for Co. The BEG model defines σi = 0,±1
for austenite and two martensitic variants, respectively
[17, 18, 33]; it allows first-order martensitic phase trans-
formation with thermal hysteresis for sufficiently large
biquatratic elastic interaction (0.2 < K/J < 0.37; we
have adopted 0.23 for Ni-(Co)-Mn-In alloys). Because of
the magnetoelastic coupling term the jump ∆M(Tm) is
coupled to the martensitic transformation and exhibits
hysteresis as well.
We mimic the magnetic aspect of polycrystalline ma-
terials by magnetic domain blocks with random initial
spin configurations in each domain. The spins from dif-
ferent domain blocks can interact with probability W =
min(1, exp(−|Kani|M
2
i /gµBHext|Mi|). This stochastic
competition between the magnetic anisotropy field and
external magnetic field allows to realize experimental
4trends of magnetization curves, see Fig. 3.
Hence, the extended Potts model in Eqs. (3-4) al-
lows us to describe magnetic, structural as well as cou-
pled magnetostructural phase transitions [17, 18]. Fig-
ure 3 shows magnetization curves in small and large
magnetic fields for polycrystalline Ni50Mn25Ga25 and
Ni45Co5Mn37In13 in comparison to experiment [20, 34].
Note that there is a distinctive difference between
M(T ) of the two materials.
For ferromagnetic Ni-Mn-Ga alloys near stoichiome-
try the jump vanishes for sufficiently large magnetic field
when overcoming the magnetocrystalline anisotropy in
agreement with experiment [11, 12, 34]. However, the
jump persists for the Mn-rich Ni-Co-Mn-(Ga, In, Sn) up
to large magnetic fields [19–23] because of strong an-
tiferromagnetic MnY -MnZ interactions competing with
the ferromagnetic ones. Note that for Ni45Co5Mn37In13
magnetization jump and hysteretic behavior in Fig. 3(b)
agree well with experiment [20].
Total enery calculations and MC simulations show
that the magnetostructural instability observed in
Mn-rich systems [14–16, 19–23] is accompanied by
a transition from ferromagnetic austenite to fer-
rimagnetic/paramagnetic martensite, although, zero-
temperature energy differences, (Eferro − Eferri) may
already become small in austenite (this is the case for
Ni50−xCoxMn25+ySn25−y at a critical Co concentration).
Free energies are difficult to evaluate on an ab initio ba-
sis because of chemical disorder, softenig of lattice vi-
brations in austenite and magnetic excitations, which is
beyond the scope of the present paper.
The adiabatic temperature changes across Curie tem-
perature (direct MCE) and across magnetostructural
transformation (inverse MCE) are determined by the
isothermal magnetic entropy change and total specific
heat (sum of magnetic and lattice specific heat, where
the latter part is taken from the Debye model). These
quantities can be calculated from the relations:
∆Tad(T,Hext) = −µ0
Hext∫
0
dH ′
T
C(T,H ′)
(
∂M
∂T
)
H′
≈ −T
∆Smag(T,Hext)
C(T,Hext)
, (5)
∆Smag(Tm, Hext) = ∆M(Tm, Hext)
(
dTm
dHext
)−1
, (6)
∆Tad(T,Hext) = −T
∆Smag(Tm, Hext)
C(T,Hext)
∆f(T,Hext) (7)
Here, ∆Smag(T,Hext) = Smag(T,Hext) − Smag(T, 0) is
the entropy difference for finite and zero field. We use
the Maxwell relation in Eq. (5) for the direct MCE while
for the inverse MCE at the first-order magnetostructural
transition we use instead Eqs. (6) and (7) based on the
Clausius-Clapeyron equation. ∆M and ∆Smag are the
jump of magnetization and magnetic entropy, dTm/dHext
is the shift of structural phase transition in the magnetic
field and ∆f(T,Hext) is the change of austenite fraction
caused by a field change, and C(T,Hext) is the total spe-
cific heat. In our calculations the value of dTm/dHext
was taken from experiment [20], whereas ∆M and ∆f
were obtained from MC simulations.
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Ni45Co5Mn37In13 as obtained from the extended Potts model
(diamonds: results for single-domain state; inset: tempera-
ture variation of the entropy).
Results for the MCE of Ni-Co-Mn-In alloys are shown
in Fig. 4 which demonstrates the enhancement of cooling
up to -6 K compared to samples without Co (≈ −3 K)
[20]. The enhancement is caused by the increased mag-
netic disorder leading to larger ∆Smag(T,Hext). How-
ever, systematic comparison is difficult because of either
different sample preparation or compositions, compare,
for instance, the different values reported for ∆Smag
and ∆Tad regarding Ni-Mn-In alloys [19, 20, 35]. The
key figure of merit in these alloys is large: we obtain
RCPinv = −132 J/kg for Ni45Co5Mn37In13.
In this paper we have shown that MCE is determined
by the influence of competing ferromagnetic and antifer-
romagnetic interactions in Ni-Co-Mn-Z alloys [2]. The ab
initio magnetic exchange parameters are the decisive pa-
rameters which determine the jump ∆M(Tm, Hext) and
the size of the MCE. From the predictive power of ab
initio calculations regarding the influence of the mag-
netic coupling constants to optimize the MCE, it might
be worth to create even more spin disorder and larger
isothermal entropy changes by looking for the effects of
Cr and Gd added to Ni-Co-Mn-Z materials.
As already indicated by several experiments [1, 3–5]
our calculations show that e/a ratios are not sufficient
for describing the transformation behavior (like disor-
der broadened first-order magnetostructural phase tran-
sition, range of coexistence of phases and metastabil-
ity [14–16, 36] and magnetic cluster formation [13]) and
MCE in Heusler alloys completely. Though this con-
5cept of itinerant electrons gives a rough overview on the
transformation temperatures, the interaction of the local-
ized electronic orbitals influences the exchange parame-
ters and thus the size of the magnetocaloric effect. In
particular, our calculations identify that it is beneficial
having specific chemical environment for the MnY and
MnZ atoms since this optimizes the compensation of fer-
romagnetic and antiferromagnetic interactions. As chem-
ical order is susceptible to time and temperature during
the sample preparation in addition to composition, this
guideline will allow for a systematic optimization of mag-
netocaloric materials.
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